BACKGROUND/OBJECTIVES: Multi-nutrient insufficiencies as a consequence of nutritional and economic factors are common in India and other developing countries. We have examined the impact of multi-nutrient insufficiency on markers of one carbon (1C) metabolism in the blood, and response to a methionine load in clinically healthy young women. SUBJECTS/METHODS: Young women from Pune, India (n = 10) and Cleveland, USA (n = 13) were studied. Blood samples were obtained in the basal state and following an oral methionine load (50 mg/kg of body weight in orange juice). Plasma concentrations of vitamin B12, folate and B6 were measured in the basal state. The effect of methionine load on the levels of methionine, total homocysteine, cysteine, glutathione and amino acids was examined. RESULTS: Indian women were significantly shorter and lighter compared with the American women and had lower plasma concentration of vitamins B12, folate and B6, essential amino acids and glutathione, but higher concentration of total homocysteine. The homocysteine response to methionine load was higher in Indian women. The plasma concentrations of glycine and serine increased in the Indian women after methionine (in juice) load. A significant negative correlation between plasma B6 and homocysteine (r = − 0.70), and plasma folate and glycine and serine levels were observed in the Indian group (Po0.05) but not in the American group. CONCLUSIONS: Multi-nutrient insufficiency in the Indian women caused unique changes in markers of whole body protein and 1C metabolism. These data would be useful in developing nutrient intervention strategies. 
INTRODUCTION
Folate one carbon (1C) transfers, present ubiquitously in every cell in the body, are key components of cell metabolism. They are involved in the transfer of methyl groups for biological methylation reactions including synthesis of nucleotides. In addition to folate, vitamin B12 (B12) and vitamin B6 (B6) along with insulin and glucagon are, respectively, key co-factors and hormonal regulators of 1C metabolism in vivo. Perturbations of 1C metabolism as a consequence of changes in nutrient status of the individual or of hormonal, and environmental interactions, have been related to birth defects, cancer, metabolic disorders, cardio-vascular disease and aberrant DNA methylation patterns. Because of their critical role in whole body and cell metabolism, a number of intracellular and circulating biomarkers of nutrient deficiencies related to 1C metabolism have been identified and validated to develop and monitor intervention strategies for the 'at risk' populations. [1] [2] [3] [4] [5] Studies in both human and animal models have examined the impact of micro-nutrient deficiency or insufficiency on biomarkers of 1C metabolism in the plasma and tissues. 1, 3 Most of these studies have examined the association between a single nutrient deficiency with the identified biochemical marker/s. [1] [2] [3] [4] Isolated single nutrient deficiencies, although observed in otherwise well-nourished populations, are uncommon in the undernourished populations, particularly in relation to folate, B12, B6 and protein, the nutrients that impact 1C metabolism. [6] [7] [8] The folate-methionine cycle and its key regulatory cofactors are displayed in Figure 1 . As shown, serine and glycine are the major contributors of 1C units. In this process, serine is converted reversibly to glycine in a B6-dependent reaction catalyzed by serine hydroxymethyl transferase and the 1C unit is transferred to tetrahydrofolate, to form 5,10-methylene tetrahydrofolate. Glycine contributes 1C units via the glycine cleavage system to tetrahydrofolate. Methionine is activated to form s-adenosylmethionine (SAM) by methionine adinosyl transferase and ATP. SAM is the key methyl donor for methylation reactions catalyzed by various methyltransferases and in the process is converted to s-adenosyl homocysteine and ultimately to homocysteine. SAM also can be converted, in the liver, to s-adenosyl homocysteine by glycine-n-methyl transferase. Vitamin A is a transcriptional or translational regulator of glycine-n-methyl transferase activity. Homocysteine can either be converted back to methionine (remethylation) catalyzed by methionine synthase or metabolized to cystathionine and cysteine (transsulfuration). B12 is the cofactor for methionine synthase (5-methyltetrahydrofolate homocysteine methyltransferase) responsible for the transfer of methyl group of 5-methyl tetrahydrofolate to homocysteine to form methionine (remethylation). The two enzymes of the transsulfuration cascade require B6 as a cofactor. Isolated deficiency of the cofactors (B6, B12 or folate) can result in increased levels of the precursor and lower levels of the immediate product. In addition, isocaloric protein restriction in animal models and lower dietary protein intake in humans has been shown to result in increase in plasma levels of homocysteine, serine and glycine. [9] [10] [11] The combined effect of deficiency or insufficiency of these micronutrients and lower protein intake has not been examined. In the present study, we have examined the integrated changes in 1C metabolism in response to multi-nutrient insufficiency in an otherwise 'healthy' group of Indian women and compared with a group of 'nutritionally sufficient' American women.
SUBJECTS AND METHODS
The study participants in India (n = 10) were young healthy female staff members of the King Edward Memorial Hospital Research Centre, Pune. Healthy young women in Cleveland, USA (n = 13) were recruited by advertisement. The study protocol was approved by the Ethics Committee of the KEM Hospital Research Centre and by the Institutional Review Board of the Cleveland Clinic. Written informed consent was obtained from the participants after fully explaining the procedure.
The subjects reported to the research unit at 7 am following a 12-h fast. Height and weight were measured as per the standard protocol. An indwelling cannula was placed in an antecubital vein and subjects were allowed to rest for half an hour. After obtaining a basal blood sample, L-methionine (50 mg per kg body weight) was given in orange juice along with a standardized low methionine breakfast (estimated total methionine content~58 mg). We elected to give a lower dose of methionine instead of the usual 100 mg per kg body weight, and perform a short 5-h instead of 6-h test for the following reasons: (i) Results of the dose-response studies show that 50 mg/kg can give data similar to the higher dose without compromising the sensitivity of the test, 12, 13 (ii) a short 3-h test was as good as the standard 6-h test in identifying subjects with hyperhomocysteinemia, 14, 15 and (iii) our ultimate goal is to carry out these studies during pregnancy, and we were concerned about the potential toxicity of methionine and homocysteine with the higher dose to the mother and the developing conceptus. Blood samples, in EDTA tubes, were drawn at hourly interval for the next 5 h. Five subjects in the Cleveland group and five in the Indian group received methionine load without the accompanying breakfast. As there was no significant difference in the response to methionine load in those with or without breakfast, the data were combined. Blood samples were centrifuged in cold and the plasma was stored at − 80°C for analysis later.
Laboratory analysis
Amino acid concentration in plasma were measured by high performance liquid chromatography using an OPA derivative and a fluorescence detector as described. 16 Total homocysteine, total cysteine and glutathione in the plasma were measured using high performance liquid chromatography. 17 Plasma formate levels were measured by an isotopedilution gas chromatography-mass spectrometry method as described by Lammarre et al.
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Vitamin B6 (pyridoxal-5-phosphate and pyridoxal) was measured using commercially available high performance liquid chromatography kit (RECIPE GmbH, Munich, Germany) using post-column derivatization and fluorescence detector. Plasma cobalamin (vitamin B12) and folate were measured by microbiological assay using a colistin sulfate-resistant strain of Lactobacillus leichmanii and a chloramphenicol-resistant strain of Lactobacillus casei, respectively. 19, 20 The coefficients of variation for B12 and folate measurement in the plasma were o8% and for B6 it was o5%. High sensitive C-reactive protein was measured by a high-sensitivity ELISA kit (United Biotech, Mountain View, CA, USA) with inter-and intra-batch coefficient of variation o11%.
Statistical methods
We performed descriptive statistics and checked for normality of the data. As data were skewed and the sample size was small, we used nonparametric methods for statistical analysis. Data are presented as median and 25th and 75th percentiles. Association of homocysteine with B12, folate and B6 was analyzed by Spearman's rank correlation coefficient. Differences in various parameters between Indian and US participants were analyzed by Mann-Whitney U test. The incremental (above basal) area under the curve for homocysteine and methionine (basal to 5 h) was computed using trapezoidal rule. Multiple linear regression analysis was used to compute variation in outcome variable (homocysteine) explained by exposure variables (B6, B12 and folate). Statistical analyses were performed using SPSS 16 (SPSS Inc. Chicago, IL, USA).
On the basis of the published literature, the total homocysteine values in Indians is: 23.2 (13.1) and 10.4 (3.6) in western population. Therefore, sample size of 8 provides a power of 80% at 5% level of significance and sample size of 11 in each group provides a power of 90% at 5% level of significance. Hence, we have a chosen sample size of 10 in Indians and 13 in Americans. 
RESULTS
Indian women were on average 30 years old and predominantly vegetarian. American women were of similar age, and were nonvegetarian in their dietary habits ( Table 1) . The Indian women were on average 20 cm shorter and 20 kg lighter, though the body mass index was not significantly different in the two groups. The plasma levels of B6, folate and B12 in the US group were in the accepted 'reference' range. In contrast, the levels of B6, folate and B12 were significantly lower in the Indian subjects. The plasma levels of high sensitive C-reactive protein were not different among the two groups. The plasma levels of amino acids during fasting are displayed in Table 2 . As shown, the levels of essential amino acids (valine, phenylalanine, leucine, isoleucine, lysine and methionine) were significantly lower in the Indian women. The levels of histidine and aminobutyric acid also were lower in the Indian women. The concentration of serine and glycine although higher in the Indian group, were not statistically different.
In contrast to lower plasma levels of methionine, plasma levels of homocysteine were markedly higher in the Indian women as compared with those in the American women (Indians: 20.4 (16.4, 24.4), Americans: 7.9 (6.8, 8.9) P o 0.001). Total plasma glutathione levels (Indians: 3.8 (2.2, 3.9), Americans: 6.5 (5.4, 7.5) P o0.001) were lower in the Indian subjects. Total cysteine concentration in the plasma was similar in the two groups. The levels of formate in the plasma were markedly higher in the Indian women (Indians: 182.9 (167.9, 190.3) μmol/l, Americans: 39.9 (37.2, 48.2) P = 0.006).
After the oral methionine load, plasma levels of methionine rose, reaching a peak at 1 h and then gradually declined over the next 4 h. The magnitude of increase in methionine levels from basal to 1 h was similar in the Indian and American women. As shown in Figure 2 , the shape of the methionine curve and the incremental area under the curve were indistinguishable in the two groups. Plasma homocysteine levels rose linearly in both groups. In the American women, it reached a plateau (~20 μM/l) by 2 h and remained unchanged for the next 3 h. In contrast, plasma levels of homocysteine continued to increase in the Indian subjects until 4 h reaching a plateau of~41 μM/l between the 4th and the 5th hour.
The rise in homocysteine levels from basal was significantly greater in the Indian subjects at 4 and 5 h (P o 0.01). The incremental area under the curve was not significantly different between the two groups but approached significance following the removal of one outlier (area: 94.9 μM/l 5 h) in the US group (Indians: 62.03 (43.9, 77.6), Americans: 49.6 (44.7, 50.8) μM/l 5 h P = 0.06). Plasma levels of total cysteine remained stable in the Indian and American women, following the methionine load.
Methionine load caused a small rise in the plasma levels of total glutathione in Indian women but an insignificant increase in the American women (Figure 2) .
The changes in representative amino acids in the plasma following a methionine load in orange juice are displayed in Figure 3 . There was a significant increase in plasma concentration of glycine and serine in the Indian women but not in the nutritionally sufficient American women. The increase in glycine and serine was seen in the Indian women with and without breakfast suggesting that it was due to the carbohydrate load in the orange juice. Plasma concentration of alanine peaked in both groups at 1h although the magnitude of increase was less in the Indian women. Plasma levels of taurine showed an increase in Indians and a decrease in the Americans. As anticipated, the levels of all essential amino acids decreased following nutritional (breakfast and orange juice) load. 21 The data of leucine and phenylalanine are displayed in Figure 3 .
Plasma total homocysteine levels during fasting were not correlated with circulating levels of vitamins B6, folate and B12 and methionine in the American women. In contrast, in the Indian women, plasma homocysteine was inversely correlated with vitamin B6 levels both in the fasting state and at 5 h after Multiple linear regression analysis showed that circulating levels of vitamins B6, folate and B12 explained 26% of the variance in the plasma basal total homocysteine levels in the American women; in the Indian women, this figure was 57%. On the other hand, 82% of the difference in the circulating levels of basal total homocysteine in the two groups of women was explained by the difference in the levels of vitamins B6, folate and B12. A significant negative correlation between plasma folate levels and plasma glycine (r = − 0.842, P o0.01) and serine (r = − 0.697 P o 0.05) levels were observed only in the Indian group. There was no correlation between glycine, serine, histidine, methionine and plasma levels of B12 or B6 in either group.
DISCUSSION
Our data show that multi-nutrient deficiencies in the Indian women (vitamins regulating 1C metabolism) resulted in substantially elevated homocysteine concentrations and lower levels of essential amino acids in the plasma. Oral methionine load showed that the nutritionally compromised Indian women could absorb and dispose off methionine equally efficiently as the nutritionally sufficient American women. However, there was a greater increase in plasma homocysteine concentration in the Indian women. Additionally, there was an increase in the plasma serine and glycine concentration in the Indian women only, likely in response to the carbohydrate load (orange juice) administered with methionine.
The present data should be examined in the following context. The dietary habits of Indians from this region are mostly vegetarian with relative lower quantity and quality of protein and lower dietary source of vitamins. 22 This was reflected in the markedly low levels of B12 in the Indian women in this study, which has been previously reported in the vegetarians. [22] [23] [24] [25] The plasma levels of folate and B6 also were lower in the Indian women. In contrast, the American women were all non-vegetarian with higher daily intake of dietary protein. In addition, the folate intake of American subjects was higher owing to the mandatory fortification of flour. 26 Given the critical role in 1C transfers, and as cofactors at specific steps in folate and methionine metabolism, the inadequate intake of these nutrients individually will result in unique changes in 1C metabolism and the circulating levels of related biochemicals (Figure 1) . However, the combined effect of simultaneous insufficiency of these nutrients could be different owing to the opposing effect of some of them. For example, lower protein intake results in higher rate of transmethylation of methionine, whereas folate and B12 insufficiency causes a lower rate of methylation of homocysteine. The combined effect of these nutrient insufficiencies has not been examined in humans. The present data reports the net effect of the insufficiency of these nutrients on 1C metabolism.
The concentrations of essential amino acids in the plasma were significantly lower in the Indian women in the fasting state. As breakdown of proteins in the body, primarily skeletal muscle, is the major source of essential amino acids in the plasma, our data suggest a lower rate of protein breakdown or protein turnover in the Indian women. Although the present data cannot delineate the cause of lower rate of protein turnover in these subjects, it is likely to be related to lower dietary intake of proteins and consequent attempt at conservation of nitrogen. Dietary Figure 2 . Plasma methionine, homocysteine, cysteine and glutathione response to methionine load. After an overnight fast, each subject received methionine 50 mg/kg mixed with orange juice. All data are shown in μmoles/l and represent 50th (25-75th) percentiles. Squares: American subjects; diamonds: Indian subjects. Error bars represents 25 and 75th percentiles. Differences between the two groups were tested using Mann-Whitney test. *P o0.05, ***P o0.001. Within-group differences from basal were determined using Wilcoxon test. Difference in US data shown by # sign. Difference in Indian data shown by + sign. # Po0.05, ## P o0.01,
restriction of protein in healthy humans has been shown to cause a decrease in whole body proteolysis as measured by the rate of appearance of leucine and a decrease in the rate of oxidation of leucine/protein 27, 28 and cause a decrease in the rate of oxidation of leucine in the rat. 29 These changes in essential amino acids were associated with a small increase in the levels of glycine and serine in the plasma. The latter has been shown to increase in humans and in laboratory animals when dietary proteins are restricted. [30] [31] [32] [33] Tracer isotope studies have shown that increase in serine and glycine were the consequence of increased rates of de novo synthesis of these amino acids. 9, 34 The higher levels of glycine and serine and their increased rates of synthesis may be related to the hepatic induction of PPARα as a result of low protein intake. 9 Data in literature show that administration of PPARα agonist in mice results in increased levels and rate of turnover of glycine and serine in the plasma. 35 The physiological significance of changes in glycine and serine metabolism during protein restriction, other than as source of methyl groups, has not been determined. It has been postulated that restriction of dietary protein results in higher methylation demand and a high rate transmethylation and consequently high rate of synthesis of serine and glycine. 9 The negative correlation between plasma levels of folate and plasma levels of glycine and serine during fasting in the Indian women suggests that in addition to low protein, lower folate also may contribute to the higher levels of serine and glycine by attenuating the folate cycle.
A decrease in essential amino acids levels in the plasma was seen in all subjects following the administration of methionine mixed with orange juice and a low methionine breakfast, likely due to the expected suppression of whole body breakdown of proteins in response to carbohydrate (juice) and nutrients (breakfast) and associated increase in insulin. 36, 21 In contrast, there was an increase in plasma concentration of glycine and serine in the nutritionally insufficient Indian women (Figure 3) . These data suggest an active pathway for the synthesis of serine in the liver induced by low protein intake and rapid conversion of dietary carbohydrates into serine and glycine. 37 The fasting plasma levels of total homocysteine (tHcy) were markedly higher and that of glutathione were lower in Indian women. There was a significant negative correlation between plasma levels of tHcy and pyridoxal phosphate levels (Figure 4) , suggesting a dominant contribution of lower rate of transsulfuration to tHcy levels. The plasma levels of tHcy were not related to folate or B12 levels in this small group of women. None the less, the lower folate and B12 levels in the Indian women, by attenuating methylation of homocysteine, also would contribute to the increase in its plasma levels (Figure 1) . The higher levels of formate in the plasma, in the Indian women, are consistent with an impaired rate of remethylation of homocysteine in these subjects. 38 The cutoff values at which a steep increase in plasma homocysteine concentration occurs in B12 insufficiency have been reported to be much higher (200-300 pmol/l) than those seen here in the Indian women. 4, 39 In addition, lower protein intake by increasing the methionine cycle would also result in higher homocysteine. 9 The individual contribution of inadequacies of these nutrients to the higher levels of tHcy cannot be discerned from the present data. These observations underscore the importance of examining the impact of multi-nutrient deficiencies on metabolic biomarkers and the need for studies using isotopic tracers. The mechanism of lower concentration of glutathione in the plasma is unclear. It was probably not related to lower rate of transsulfuration owing to lower B6 levels because the plasma levels of total cysteine were not different in the two groups. The lower levels could be the result of hormonally mediated decrease in glutathione synthesis as a result of altered nutritional state. 40 We did the methionine load studies to (i) describe the net effect of multi-nutrient insufficiencies on 1C metabolism and (ii) to possibly reveal the contribution of transmethylation and transsulfuration of methionine to the observed changes in 1C metabolism. As shown in Figure 2 , the plasma methionine response to oral load of 50 mg per kg body weight of methionine was similar in Indian and American subjects, both in terms of plasma levels of methionine and of calculated incremental area under the curve. These data suggest that there was no difference in the two groups in relation to gastrointestinal absorption, the first pass metabolism and disposal of methionine. In contrast to the disposal of methionine, the incremental increase in plasma homocysteine concentrations and the area under the tHcy response curve were different in the two groups. However, it should be underscored that the changes in plasma homocysteine are a net effect of both transsulfuration and remethylation and therefore any differences in these processes cannot be evaluated from these data. Following a methionine load, there would be an increase in the intracellular concentration of SAM. SAM is an allosteric inhibitor of methylenetetrahydrofolate reductase and would result in a decrease in the remethylation of homocysteine via methionine synthase. [41] [42] [43] SAM is also an allosteric activator of cystathionine beta synthase and would cause an increase in the transsulfuration pathway. 40, 41 Thus, the higher plasma tHcy levels in the Indian women after methionine load, in the presence of similar levels of methionine, suggest a decrease in the disposal of homocysteine via the transsulfuration cascade. The significant correlation between plasma B6 levels and the plasma tHcy levels after methionine load support this inference. The mechanism of the observed changes in total glutathione in the plasma, that is, a decrease in the American women and increase in Indian women is not clear. Tracer isotope-labelled methionine studies would be required to further interrogate the impact of multiple micro-and macro-nutrient insufficiencies on components of methionine metabolism.
In summary, we have identified characteristic perturbations in 1C metabolism and circulating levels of amino acids in response to multi-nutrient deficiency in the Indian women. A significant decrease in concentrations of essential amino acids in the plasma and an increase in serine and glycine suggest a lower isocaloric protein intake. Low B12 and B6 status resulted in higher homocysteine levels in the basal state and a higher homocysteine response to a methionine load. The net impact of these nutritional insufficiencies on transmethylation and transsulfuration of methionine will require careful tracer isotope studies.
